Introduction
The main obstacle to eradicating HIV from patients is postintegration latency.
1 Antiretroviral treatments target only actively replicating virus, while latent infections that have low or no transcriptional activity remain untreated. 2 A combination of antiretroviral treatments with latency-purging strategies may accelerate the depletion of latent reservoirs and lead to a cure. 3 Current strategies to reactivate HIV from latency include use of prostratin, a non-tumor-promoting phorbol ester, 4 disulfiram 5 and histone deacetylase (HDAC) inhibitors, such as suberoylanilidehydroxamic acid (i.e., SAHA or Vorinostat). [6] [7] [8] [9] As the the therapeutic potential of pharmacologic inhibition of bromodomain and extraterminal (Bet) proteins has recently emerged in hematological malignancies and chronic inflammation. We find that Bet inhibitor compounds (JQ1, I-Bet, I-Bet151 and MS417) reactivate HIV from latency. this is evident in polyclonal Jurkat cell populations containing latent infectious HIV, as well as in a primary t-cell model of HIV latency. Importantly, we show that this activation is dependent on the positive transcription elongation factor p-teFb but independent from the viral tat protein, arguing against the possibility that removal of the Bet protein BRD4, which functions as a cellular competitor for tat, serves as a primary mechanism for Bet inhibitor action. Instead, we find that the related Bet protein, BRD2, enforces HIV latency in the absence of tat, pointing to a new target for Bet inhibitor treatment in HIV infection. In shRNA-mediated knockdown experiments, knockdown of BRD2 activates HIV transcription to the same extent as JQ1 treatment, while a lesser effect is observed with BRD4. In single-cell time-lapse fluorescence microscopy, quantitative analyses across ~2,000 viral integration sites confirm the tat-independent effect of JQ1 and point to positive effects of JQ1 on transcription elongation, while delaying re-initiation of the polymerase complex at the viral promoter. Collectively, our results identify BRD2 as a new tat-independent suppressor of HIV transcription in latently infected cells and underscore the therapeutic potential of Bet inhibitors in the reversal of HIV latency. 5 Katherine Aull, 1, 3 pao-Chen Li, 1,2 Vicente planelles, 5 James e. Bradner, 6 Ming-Ming Zhou, 7 Robert F. Siliciano, 4 Leor Weinberger, 1, 3 eric Verdin 1,2 and Melanie ott 1,2, Recently, the therapeutic potential of pharmacologic inhibition of members of the bromodomain and extraterminal (BET) family of human bromodomain proteins has been described. [11] [12] [13] The BET protein family is a well-conserved class of transcriptional regulators that are distinguished by the presence of tandem bromodomains, conserved domains that recognize and bind acetyl-lysine residues, and a so-called extraterminal (ET) domain.
BET bromodomain-targeting compounds reactivate HIV from latency via a Tat-independent mechanism

RepoRt
RepoRt existing repertoire of latency-purging compounds and to develop an efficient "anti-latency" cocktail.
Results
JQ1
activates HIV transcription in a Tat-independent manner. As BRD4 competes with Tat for P-TEFb binding, 27 we speculated that treatment with BET inhibitors may activate Tat transcriptional activity and reactivate HIV from latency. To test this hypothesis, we treated a polyclonal population of Jurkat T cells containing latent HIV (clone R7/E-/GFP) 44 with increasing amounts of JQ1. This viral clone contains a frame shift mutation in the viral Env gene to prevent viral spread and expresses GFP in the Nef open reading frame, which allows separation of actively infected GFP + from GFP -cells by cell sorting. 44 GFP -cells, which are mostly uninfected but contain a small fraction of latently infected cells with silenced HIV transcription, were treated with JQ1. Activation of transcription was measured by flow cytometry of GFP. JQ1, but not the stereoisomer control (R)-JQ1, reactivated HIV-1 in a dose-dependent manner (Fig. 1A) . Stimulation of cells with JQ1 produced up to 5-fold more GFP-expressing cells than control-treated cells. Similar results were obtained with another viral clone (NL4-3/E-/GFP-IRES-nef), which also expresses GFP in the Nef position and also has Nef expressed under the control of an IRES element 45 (Fig. 1B) . Next, we tested JQ1 reactivation in combination with HDAC inhibitor suberoylanilidehydroxamic acid (SAHA), the protein kinase C (PKC) activator prostratin or the proinflammatory cytokine TNFα. We observed enhanced activation when JQ1 was added with prostratin, while no additive or synergistic effects were observed with SAHA ( Fig. 1A and B) . Co-treatment with TNFα led to a very modest enhancement of the JQ1 effect in this system ( Fig. 1A and B) .
To determine if BET inhibition specifically activates Tatdependent transcription, we utilized a J-Lat cell line harboring a latent lentiviral construct expressing Tat with GFP from the HIV LTR (clone A2; LTR-Tat-IRES-GFP). 44 Treatment with JQ1, but not inactive (R)-JQ1, activated HIV transcription in a dose-dependent manner, as measured by flow cytometry of GFP ( Fig. 2A) . Stimulation with JQ1 yielded up to 9-fold more GFPexpressing cells than control-treated cells, and a 22-fold increase was observed when cells were co-treated with JQ1 and low doses of TNFα ( Fig. 2A) . However, this effect was not specific for Tat: we observed the same effect in A72 cells containing a latent LTR-GFP construct lacking Tat. 44 Here, an up to 22-fold increase in GFP + cells resulted from JQ1 treatment alone, and a 45-fold increase resulted when TNFα was added with JQ1 ( Fig. 2B) . We also treated both cell lines with prostratin and SAHA (Fig. S1 ). As observed with the polyclonal cell populations, adding prostratin to JQ1 enhanced the JQ1 effect, while only a very modest increase was observed with SAHA, indicating that SAHA and JQ1 target a similar cellular pathway. Collectively, these results establish the effectiveness of JQ1 to reverse HIV latency in a Tatindependent manner.
Activating potential of known BET inhibitors in cell lines and a primary T-cell model of HIV latency. The activating the HIV cofactor P-TEFb. 15, 16 The recently reported specific BET bromodomain inhibitors (JQ1, I-BET) identified these proteins, most notably BRD4, as functionally relevant to the pathogenesis of hematological malignancies, chronic inflammation and possibly viral infections. [11] [12] [13] The HIV promoter after integration into host chromatin is uniquely dependent on the activity of P-TEFb. 17 In its active form, P-TEFb comprises cyclin T1 and the serine/threonine kinase CDK9, 18 which phosphorylates the negative transcription elongation factors NELF 19 and DSIF 20, 21 and the C-terminal domain (CTD) of the cellular RNA polymerase II complex, 22 a process that greatly enhances elongation of HIV transcripts. P-TEFb is recruited to the HIV promoter by the viral transactivator Tat, which cooperatively interacts with the cyclin T1 and CDK9 components of P-TEFb and an RNA stem loop structure called TAR that forms spontaneously at the 5' ends of HIV transcripts. 17, 23 In the absence of Tat, P-TEFb interacts with the BET-containing protein BRD4 and is recruited to the HIV LTR via interactions of the BRD4 bromodomains and acetylated histones. 15 ,16 BRD4 and recently described MLL-fusion partners are part of active P-TEFb complexes, 24 while inactive P-TEFb is stored in cells in complex with 7SK snRNA and the P-TEFb inhibitor Hexim1. 25, 26 Notably, the interaction of Tat or BRD4 with P-TEFb is mutually exclusive, as the PID in BRD4 interacts with the same region in P-TEFb as Tat. 27 Interestingly, the BRD4 locus was previously identified as a hotspot of integration for latent HIV in cell lines, indicating that manipulating BRD4 expression or function may cause or reverse latency. 27, 28 Tat and P-TEFb are the subjects of acetylation [29] [30] [31] [32] and engage in bromodomain-dependent interactions. Tat acetylated at lysine 50 interacts with the bromodomain of the histone acetyltransferase PCAF/KAT2B, a process that terminates the interaction of Tat with P-TEFb and TAR RNA and recruits the Tat/ PCAF complex to the elongating polymerase complex at the HIV LTR. [33] [34] [35] [36] In addition, cyclin T1 is acetylated at four distinct lysine residues in its predicted coil-coil domain, and three of these lysines (K380, K386, K390) interact with the second bromodomain of BRD4, generating a second modification-specific interaction domain besides the PID. 37 While this acetylation-dependent interaction is relevant for P-TEFb function at the HIV LTR and on cellular genes, it is not required for Tat activity, supporting the model that Tat recruits P-TEFb in the absence of BRD4 potentially directly from inactive P-TEFb storage complexes.
Here, we show that BET inhibitors JQ1, 12 I-BET, 11 I-BET151 13 and MS417 38 effectively reactivate HIV from latency in cultured cells and primary T-cell models of latency. While this is expected given the restrictive function of BRD4 on Tat transcriptional activity, we show that this process is independent from Tat and occurs with the same efficiency in cells lacking Tat. Furthermore, our data identify another BET protein, BRD2 as a new Tatindependent suppressor of HIV transcription in latent cells. Our results, together with recently published reports from colleagues showing reactivation of HIV from latency after treatment with JQ1, [39] [40] [41] [42] [43] indicate that targeting bromodomain interactions at the HIV promoter may be a promising strategy to complement the Downloaded by [University of California, San Francisco] at 17:20 03 September 2015 latently infected cells. Interestingly, the nonpolarized T helper cell model of HIV latency is also resistant to reactivation by SAHA, 50 underlining that BET inhibitors and SAHA may target common mechanistic pathways.
Involvement of P-TEFb in the JQ1 effect on HIV latency. To biophysically characterize the Tat-independent JQ1 effect on the HIV LTR, single-cell time-lapse fluorescence microscopy was performed on ~2,000 Jurkat cells, where each cell carried a different integration site of the LTR promoter driving a destabilized GFP reporter (Fig. 5A) . Mean fluorescence intensity (MFI) and the magnitude of intensity fluctuations (i.e., the "noise") were quantified 51 for sub-clusters of polyclonal cells in response to JQ1 treatment (Fig. 5) . The data was analyzed using an established two-state model of episodic transcription, [52] [53] [54] in which the LTR switches between a transcriptional OFF state, where RNA polymerase II is stalled, and a transcriptional ON state, where elongation occurs and multiple mRNA transcripts are produced at a rate = T (Fig. 5B ). In this model, promoter switching occurs with rates k on and k off , which generates pulses or bursts of transcription. 51, 54 Previous measurements show that the LTR typically exhibits k off > > k on , such that large bursts in expression are punctuated by long dwell times in the OFF state.
To determine how JQ1 influences these biophysical parameters (k off , k on , T ), we examined changes in LTR MFI and noise effect was not unique to JQ1 but was also observed with I-Bet151 13 and MS417, 38 two recently reported small-molecule bromodomain inhibitors with similar binding affinities to BET proteins ( Fig. 3A  and B ). Both compounds effectively activated HIV from latency in A2 and A72 cell lines, underscoring the notion that the BET inhibitor effect on HIV latency is independent of Tat. We also tested these compounds in a primary T-cell model of latency. [46] [47] [48] In this model, Bcl-2-transduced CD4 + T cells were infected in a single-round infection with HIV clone NL4-3-Δnef-Δpol-EGFP 46 to generate robust latent infection in vitro (Fig. 4A) . To reactivate latent HIV-1, cells were treated with the indicated compounds or a combination of αCD3 and αCD28 antibodies as a control for maximal activation. JQ1 reactivated latent HIV-1 at ~14% of the rate achieved by co-stimulation with αCD3 and αCD28 antibodies (Fig. 4A) . The same activation was observed in cells activated with I-Bet, I-Bet151 and MS417, supporting the model that BET inhibition has the potential to reverse latency in primary T cells. However, when we analyzed a second primary T-cell model of latency using ex vivo differentiated nonpolarized CD4 + T cells, 49 we were unable to significantly reverse latency with any of the BET inhibitor compounds, with only a minor activatory effect observed with the highest doses of JQ1 and MS417 (Fig. 4B) . Notably, current primary T-cell models of latency are diverse, and it is unknown which one faithfully reproduces the in vivo situation of Importantly, cyclin T1 knockdown also decreased the ability of the cells to respond to JQ1 treatment. Only half as many cells responded with GFP expression when JQ1 was added than in control cells (Fig. 6A) . Similar results were observed with two independent cyclin T1-targeting shRNAs, confirming that P-TEFb is involved in the reactivating effect of JQ1 in the absence of Tat.
BRD2 suppresses HIV transcription in the absence of Tat. To test the functional relevance of BET proteins in HIV latency, we performed lentiviral shRNA knockdown studies of endogenous BRD2 and BRD4 proteins in A72 cells lacking Tat. BRD2 is a close relative of BRD4, but lacks a C-terminal PID domain. However, in the nuclear complexosome identified by Malovannaya et al., BRD2 was found to co-immunoprecipitate with CDK9/cyclin T1 or cyclin T2. 55 BRD2 binds JQ1 and other BET inhibitors, albeit with lower binding affinities than BRD4. 12 Knockdown of BRD2 resulted in a robust activation of the HIV LTR, and this effect was only slightly enhanced in response to JQ1 (2-fold as compared with 3.3-fold activation in control cells) (Fig. 6B) . BRD4 knockdown also resulted in spontaneous activation of the HIV LTR, albeit to a lesser extent than BRD2 (2.4-fold vs. 5.4-fold), and the response to JQ1 was not affected (Fig. 6B) . No significant additive or synergistic effects were observed when both factors were knocked down together, indicating that the two factors work in the same biological pathway (Fig. 6B) . Similar results were obtained when different sets of shRNAs against BRD2 and BRD4 were used (Fig. S2) . These (measured by the coefficient of variation, CV, which is defined as the standard deviation over the mean), compared with the untreated LTR (Fig. 5C and D) . By qualifying MFI and CV in time-lapse trajectories, changes in both burst frequency (k on ) and burst size or the number of mRNA produced per activity pulse (T/k off ) can be determined.
The results show that across thousands of integration sites, JQ1 treatment increases LTR noise without a significant shift in MFI (Fig. 5E) . It is important to note that the lack of change in MFI change is only relative to cells already expressing high levels of GFP. Quantitative analysis of the increase in variability shows a JQ1-specific enhancement in transcription burst size (T/k off ) that occurs in parallel with an increase in the average dwell time in the OFF state (1/k on ) (Fig. 5F ). On average, these JQ1-induced changes are equivalent to ~50 min delays in transcriptional initiation coupled to a concomitant increase of ~15 mRNAs per pulse of transcriptional activity. These results indicate that JQ1 enhances transcription elongation from the LTR, in the absence of Tat, while delaying re-initiation of the polymerase complex.
As transcription elongation at the HIV promoter uniquely depends on P-TEFb, we determined if the JQ1 effect in latent cells requires intact P-TEFb. We introduced short hairpin RNAs (shRNAs) directed against cyclin T1, an important component of P-TEFb, into A72 cells with lentiviral vectors. Knockdown of cyclin T1 yielded lower basal levels in GFP + cells than control cells expressing non-targeting shRNAs (Fig. 6A) . Hexim1-containing cellular complexes, a process that transiently promotes assembly of P-TEFb with MLL fusion partners in the so-called superelongation complex SEC. 41 Most recently, Li et al. and Zhu et al. identified BRD4 as a negative regulator of HIV-1 replication. 42, 43 Li et al. showed that JQ1 activates latent HIV in J-Lat A2 cells but, unlike us, found that this effect is Tat-dependent in Jurkat 1G5 and HeLa-based NH1 and NH2 cells. 42 Zhu et al. report modest stimulation of an HIV-LTR reporter by JQ1 in the absence of Tat, but JQ1 in combination with Tat resulted in more cells reactivating latent viruses and with greater magnitude. 43 We partially confirm and extend these studies by showing that the BET inhibitor effect is not confined to clonal cell lines, but is also observed in polyclonal Jurkat cells infected with latent HIV proviruses. Similar to Banerjee et al. 39 and Zhu et al., 43 we also found activating effects of JQ1 in a primary T-cell model of latency, underscoring the therapeutic potential of JQ1 in primary T cells. However, a latency-purging effect of BET inhibitors was not observed in non-polarized primary T cells as surrogates for central memory T cells, a major latency reservoir in patients. 50 As it is unclear whether any model faithfully represents the in vivo situation of latently infected cells, further studies are needed to evaluate the clinical potential of BET inhibitors results identify BRD2 as a new factor involved in HIV transcription in latent cells.
Discussion
In this study, we demonstrate that JQ1 and other recently published bromodomain inhibitors partially reverse HIV latency. While this manuscript was in preparation, similar results were published by Banerjee et al., Bartholomeeusen et [56] [57] [58] and in J-Lat clone 10.6. This clone carries fulllength replication-competent HIV without inactivating mutations. 44 They also show that JQ1 activates HIV-1 infection in acutely infected primary CD4 + T cells and observe an expression profile of upregulated chromatin modification genes and genes associated with HIV transcription, including cyclin T1, CDK9 and MLL fusion partners, all part of active P-TEFb complexes, in cells treated with JQ1. Bartholomeeusen et al. demonstrate the JQ1 effect in JΔK cells, a Jurkat clonal cell line carrying HIV that lacks both NFκB binding sites. 58 They further show that JQ1 treatment releases P-TEFb from inactive In contrast to Li et al., 42 we find robust effects of BET inhibitors on HIV gene expression in the absence of Tat. Our hypothesis at the onset of these studies was that BET inhibitors remove the restrictive function of BRD4 from Tat. However, when we tested the A72 cell line, it became rapidly clear that this cannot be the only mode of JQ1 function in HIV latency. We observe in primary T cells. However, a careful comparison of the two cell models used in our studies may yield important mechanistic insights into the mechanism of action of BET inhibitors in the future. Notably, non-polarized cells are not reactivated in response to SAHA, which shows mild or no synergy with JQ1 in our system. This observation indicates that JQ1, like SAHA, may target a pathway in HIV reactivation that is not active in non-polarized cells. A cooperative action of JQ1 and SAHA in + t cells were treated with stimuli for 24-72 h at 37 °C. Cells treated with 2.5 μg/ml αCD3 and 1 μg/ml αCD28 antibodies were used as positive controls. Reactivation of latent HIV-1 was determined by quantifying % GFp + cells with a MACSQuant flow cytometer (Milteny Biotech GmbH). Results are expressed as percentage of reactivation in response to αCD3 plus αCD28 activation and represent the average of two independent donors. (B) effect of bromodomain-targeting compounds in latently infected primary nonpolarized t helper cells. Latently infected t cells were generated using healthy, uninfected CD4+ t cells (DoNoR 144) that were ex vivo differentiated into nonpolarized t cells and infected with DHIV-GFp, X4 virus as previously described. 49, 50 Reactivation was monitored by analysis of GFp by flow cytometry 96 h after compound addition. Beads coated with αCD3/αCD28 antibodies were used as positive controls. All compounds were also tested in non-infected cells to distinguish between HIV-1 reactivation and compound fluorescence. Similar results were observed in two independent donors. (Fig. 7) . Future studies will address whether BRD2 exerts suppressive functions directly by associating with the HIV LTR or indirectly by affecting gene expression of transcriptional repressors or co-repressor. The fact that BRD2 itself binds HDACs supports a model where BRD2, by recruiting repressor complexes to the latent HIV LTR, could directly suppress HIV transcription. On the other side, the finding by Banerjee et al. that JQ1 treatment reprograms expression of chromatin modification genes 39 supports a model in which JQ1 activates HIV transcription by reversing a BRD2-mediated suppressive gene expression profile. Future studies will address this issue and the question whether BRD2 regulates HIV transcription via P-TEFb.
Materials and Methods
Materials. HEK293T and Jurkat cells were obtained from the American Type Culture Collection. J-Lat (clones A2 and A72) cell lines were described. 44 HEK293T cells were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin (Life Technologies). Jurkat and J-Lat the absence of Tat. Why we observe a concomitant decrease in transcription initiation rates in response to JQ1 in this model is unclear at this point but will be further investigated in the future.
Our study, for the first time, establishes a role of BRD2 in HIV latency (Fig. 7) . Previously, BRD2 was shown to bind to acetylated lysine residues of histone H4, where it recruits transcription factors and regulates transcription. [59] [60] [61] BRD2 couples histone acetylation to transcription 61, 62 by providing a scaffold on chromatin to recruit E2F transcription factors, 60,63 a lysinespecific demethylase, 64 TBP, 63 HDACs, 59 histone H4-specific acetyltransferase (HAT) 62 and proteins involved in chromatin remodeling. [65] [66] [67] Given that chromatin-remodeling components and HDACs are crucial in the maintenance and reversal of HIV latency, we hypothesize that BRD2 recruits histone modification enzymes, transcriptional activator complexes and chromatinremodeling factors to the HIV LTR promoter, thereby activating transcription. 68 While this may explain how BRD2 could turn into an activator and enhance HIV transcription in response to JQ1, it is unclear how it acts as an inhibitory factor without the drug Single-cell analysis of JQ1-treated cells. Lentiviral vectors expressing the LTR-GFP cassette in the absence of Tat were described 70 and used to infect 5 × 10 5 Jurkat cells at a multiplicity of infection < 0.1, resulting in 25,000-50,000 infected cells each presumably with a unique integration site. Cells were then sorted by FACS to isolate green fluorescent protein-labeled (GFP + ) cells and fluorescently imaged on glass-bottom dishes in RPMI 1640 with 10% fetal calf serum and 1% penicillin-streptomycin and 1μM JQ1 at t = 0 h for the treated population. The imaging took place in humidified conditions at 37°C and 5% CO 2 for 12-24 h with a 40× (1.2 NA) oil-immersion objective on a Zeiss Observer Z1 microscope equipped with an automated linear-encoded X-Y stage, as described. 71, 72 Image processing and cell tracking were performed in Matlab™ with an in-house algorithm, 51, 72 and a single 12-h experiment could generate up to 1,000 single-cell trajectories for analysis.
For each trajectory, noise autocorrelation [Φ(t)] and magnitude (CV 2 ) were calculated using an established noise-processing algorithm. 51, 72, 73 A published theory 53, 74 of the two-state transcriptional bursting model yields analytical expressions for the autocorrelation of the noise, Φ(τ), and noise magnitude. Derivations and calculated burst size and frequency have been reported. 51, 54 Exogenous JQ1 addition can change either mean fluorescence, variability of expression (defined by the coefficient of variation, CV) or both. Modeling of two-state transcription enables the differentiation between modulations in transcriptional initiation (Dk on ) or in the burst size (DT/k off ).
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